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Lactating Dairy Cows in China
Abstract
Manure nitrogen (N) output from dairy cattle is a major environmental concern in China. Various empirical
models are available to predict manure N output from dairy cattle, but accuracy and precision of these models
has not been assessed for Chinese conditions. The objective of this study was to evaluate the performance of
extant models that predict different forms of manure N output for lactating dairy cows in China with the aim
of identifying the best-fit and most suitable prediction models. A total of 35 empirical models were evaluated
for their ability to predict N excretion of dairy cows in China fed a wide range of diets. The data set consisted
of 99 treatment means from 32 publications with information on animal and dietary characteristics and N
output flows. Performance of models was evaluated using root mean square prediction error (RMSPE) and
concordance correlation coefficient (CCC) analysis. The N intake (NI) based model of Kebreab et al. (2010)
was selected as best for predicting fecal N excretion (RMSPE = 15.8% and CCC = 0.75). The Reed et al.
(2015) model, which also used NI as an input variable, was most suitable for predicting urinary N (RMSPE =
26.0% and CCC = 0.63) and total N (RMSPE = 15.8% and CCC = 0.81). Models predicting urinary urea N
(UUN) and urinary N / total N performed poorly. Overall, the deviation of regression line from the equality
line (y = x line) for even the best-fit urinary, fecal, and total N excretion models demonstrated the need to
develop improved models for use under Chinese conditions. Using N output data from dairy cows in China to
develop manure N output models may help improve environmental stewardship of the dairy industry in
China.
Keywords
Dairy cows, Evaluation, Manures, Model performance, Nitrogen excretion
Disciplines
Agriculture | Animal Sciences | Bioresource and Agricultural Engineering | Dairy Science
Comments
This is a manuscript of the article Dong, Ruilan, Hongmin Dong, Karen A. Beauchemin, and Hongwei Xin.
"Performance Evaluation of Manure Nitrogen Output Models Suitable for Lactating Dairy Cows in China."
Transactions of the ASABE (2018). DOI: 10.13031/trans.12710. Posted with permission.
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/abe_eng_pubs/939
This manuscript is in press. It has been accepted for publication in Transactions of the ASABE. When the final, edited version is posted online 
this in-press version will be removed. Example citation: Authors. Year. Article title. Trans. ASABE (in press). DOI number. 
The DOI for this manuscript is https://doi.org/10.13031/trans.12710. It will remain the same after publication. 
 
PERFORMANCE EVALUATION OF MANURE NITROGEN OUTPUT 
MODELS SUITABLE FOR LACTATING DAIRY COWS IN CHINA 
R. Dong, H. Dong, K. A. Beauchemin, H. Xin 
The authors are Ruilan Dong, Ph.D and assistant researcher; Hongmin Dong, ASABE Member Engineer, Professor and Deputy Director; Karen A. 
Beauchemin, Research Scientist, Lethbridge Research and Development Centre, Agriculture and Agri-Food Canada, Lethbridge, Alberta, Canada. Hongwei 
Xin, ASABE Fellow and Lifetime Member, Assistant Dean for Research, Director of Egg Industry Center, Distinguished Professor of Agricultural and 
Biosystems Engineering and Animal Science, Iowa State University, Ames, Iowa, United States. Corresponding author: Prof. Hongmin Dong, Institute of 
Environment and Sustainable Development in Agriculture, Chinese Academy of Agricultural Sciences; The Key Laboratory of Energy Conservation and 
Waste Treatment of Agricultural Structures, Ministry of Agriculture, No. 12 Southern Street of Zhongguancun, Haidian District, Beijing 100081, China; 
Phone/Fax: 86-10-82109979; e-mail: donghongmin@caas.cn 
ABSTRACT 
Manure nitrogen (N) output from dairy cattle is a major environmental concern in China. Various empirical models are 
available to predict manure N output from dairy cattle, but accuracy and precision of these models has not been assessed for 
Chinese conditions. The objective of this study was to evaluate the performance of extant models that predict different forms 
of manure N output for lactating dairy cows in China with the aim of identifying the best-fit and most suitable prediction 
models. A total of 35 empirical models were evaluated for their ability to predict N excretion of dairy cows in China fed a 
wide range of diets. The data set consisted of 99 treatment means from 32 publications with information on animal and 
dietary characteristics and N output flows. Performance of models was evaluated using root mean square prediction error 
(RMSPE) and concordance correlation coefficient (CCC) analysis. The N intake (NI) based model of Kebreab et al. (2010) 
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was selected as best for predicting fecal N excretion (RMSPE = 15.8% and CCC = 0.75). The Reed et al. (2015) model, 
which also used NI as an input variable, was most suitable for predicting urinary N (RMSPE = 26.0% and CCC = 0.63) and 
total N (RMSPE = 15.8% and CCC = 0.81). Models predicting urinary urea N (UUN) and urinary N / total N performed 
poorly. Overall, the deviation of regression line from the equality line (y = x line) for even the best-fit urinary, fecal, and total 
N excretion models demonstrated the need to develop improved models for use under Chinese conditions. Using N output 
data from dairy cows in China to develop manure N output models may help improve environmental stewardship of the dairy 
industry in China.  
Keywords: Dairy cows, Evaluation, Manures, Model performance, Nitrogen excretion 
INTRODUCTION 
As the most populous country in the world, China’s demand for animal-derived foods has been rising during its transition 
from a poor agrarian country to a prosperous industrial society. Per capita consumption of milk rose from 18.3 kg in 2004 to 
36.1 kg in 2015; annual milk production per cow increased from 3891 kg in 2005 to 6000 kg in 2015; and the number of 
dairy cattle grew to 13.69 million in 2015 after it broke the 10 million mark in 2004 (China Statistics, 2015). The marked 
increase in manure nitrogen (N) output caused by accelerating milk consumption and rapid expansion of dairy production in 
China is a major environmental concern. 
About 70-80% of the N consumed by dairy cows is excreted in manure (feces and urine), which can result in substantial 
losses of N to the atmosphere via ammonia (NH3) (Chai et al., 2014; Bell et al., 2016; Chai et al., 2016), nitrous oxide (N2O) 
(Chadwick et al., 1999) and nitrogen oxides (NOx) (Gu et al., 2012), and to groundwater and surface waters via leaching, 
erosion, and runoff (Thorburn et al., 2011; Ma et al., 2016). These loses in turn may further degrade the quality of soil, air, 
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water, and natural ecosystems (Galloway et al., 2008; Conley et al., 2009; Song et al., 2017). Global manure nutrient 
management contributes an estimated 5% of anthropogenic N2O emissions to the atmosphere (Owen and Silver, 2015).  
Dairy cattle excrete more N in urine (up to 70% of total N, TN) than in feces (Marini and Van Amburgh, 2005). Given that 
urinary N (UN) is more prone to volatilization than is fecal N (FN; Petersen et al., 1998; Varel et al., 1999), it is important to 
evaluate these different forms of manure N separately.  
Due to the environmental impact of N and need for mitigation, various empirical models have been developed to predict N 
excretion based on the chemical composition of diets offered to cattle and description of animal characteristics, such as milk 
production and body weight (BW). Over the past 20 years, many N excretion models for dairy cows have been developed for 
specific countries or regions (i.e., Wilkerson et al., 1997; Jonker et al., 1998; Castillot et al., 2000; Kauffman and St-Pierre, 
2001; Nennich et al., 2005; Nennich et al., 2006; Yan et al., 2006; Huhtanen et al., 2008; Marini et al., 2008; Kebreab et al., 
2010; Higgs et al., 2012; Spek et al., 2013; Reed et al., 2015). Various evaluations (Nennich et al., 2006; Higgs et al., 2012; 
Reed et al., 2015; Johnson et al., 2016) of model performance for predicting manure N output from cows in developed 
countries have been published. Performance of the models varied across countries and regions due to differences in dietary 
and animal factors. To our knowledge, few models have been evaluated using data from developing countries, and no 
comprehensive studies have been conducted for dairy production in China. Therefore, the objective of this study was to 
identify models suitable for use in China by evaluating the accuracy and precision of existing models for predicting manure 
N output (UN, FN, and TN) using published data from dairy cows in modern Chinese production conditions.  
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MATERIALS AND METHODS 
 
DATA COMPILATION 
 
The online database of China National Knowledge Infrastructure (http://www.cnki.net/), Science Direct 
(http://www.sciencedirect.com/), and Journal of Dairy Science (http://www.journalofdairyscience.org/) were used to conduct 
a literature search for peer-reviewed studies published between 2004 and 2016. Searches were conducted to identify papers 
related to N excretion, N use efficiency and N metabolism of lactating dairy cows in China. The studies were considered if: 1) 
the study was conducted in China using conditions representative of modern dairy farming practices, characterized by use of 
total mixed ration (TMR) feeding systems and automatic milking equipment; 2) the research subject was lactating dairy cows; 
3) at least one type of N excretion was reported (UN, FN, urinary urea N (UUN), TN, and UN/TN excretion); 4) information 
on intake of crude protein (CP), N intake (NI), dry matter intake (DMI), BW, and milk components was reported; and 5) if 
certain of these variables were not reported, they could be calculated from other data provided (for example, dietary CP 
intake could be calculated from DMI and NI, TN could be calculated as the sum of UN and FN, proportion of UN in TN 
could be calculated by dividing UN by TN, and so forth). 
Treatment means rather than individual cow data were used. Most studies investigated dietary modification. Diets with 
low CP content were included in the data set, but for studies that evaluated the impact of feed additive supplements (e.g., 
yeast, small peptides), only the control treatment means were included. 
Using these selection criteria, 32 studies were identified (APPENDIX), providing 99 treatment means of manure N 
excretion along with corresponding animal characteristics, dietary ingredients, and milk composition from Chinese lactating 
dairy cows. The dataset was examined for outliers using Mahalanobis outlier analysis in JMP Statistical Software (SAS Inst. 
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Inc., Cary, NC). For Eq. [5], 1 observation from Sun et al. (2010) and for Eq. [8] and Eq. [23], 1 observation from Zhang et al. 
(2012), respectively were considered outliers and were therefore removed for these three models. 
 
EXTANT PREDICTION MODELS 
 
A total of 35 N excretion models that were developed using data from published studies by USA, UK, Finland and other 
Northwestern European countries were evaluated. The models were selected according to two criteria: 1) model development 
was based on UN, FN, UUN, or TN excretion measurements from dairy cows; and 2) model input variables and information 
required were available in the data set. Almost all models were used in their original unit form except FN and TN reported by 
Wilkerson et al. (1997) in which input variables were reported in kg/d rather than g/d. The final number of models evaluated 
was: 14 for UN, 7 for FN, 10 for TN, 2 for UUN, and 2 for UN/TN. The models are given in Table 1.  
 
Table 1. Source and description of manure N prediction models evaluated in this study 
Eq. no. Models for predicting manure nitrogen* Source Region¶ 
UN 
[1] UN (g/d) = 12.54 × MUN Jonker et al. (1998) USA 
[2] UN (g/d) = 30.4 × e 0.0036 × NI Castillo et al. (2000) UK 
[3] UN (g/d) = 17.6 × MUN Kauffman and St-Pierre (2001) USA 
[4] UN (g/d) = 0.0259 × BW × MUN Kauffman and St-Pierre (2001) USA 
[5] UN (g/d) = [RDP × 0.0628] + 55.6 Nennich et al. (2006) USA 
[6] 
UN (g/d) = [BW × 0.254] – [Milk × 1.03] + [NI × 0.2101] + [MUN × 5.09] + 
[MTP × 21.8] – [MF × 6.5] – 138.8 
Nennich et al. (2006) USA 
[7] UN (g/d) = 27 + 0.844 × NI – 13.0 × DMI Hutanen et al. (2008) Finland 
[8] UN (g/d) = 40 + 0.879 × NI – 9.0 × DMI – 3.9 × Milk Hutanen et al. (2008) Finland 
[9] UN (g/d) = 20 + 0.38 × NI Kebreab et al. (2010) UK 
[10] UN (g/d) = 8.27 × MUN + 8.87 × CP – 65.8 Spek et al. (2013) Northwest Europe 
[11] UN (g/d) = 8.95 × MUN + 12.43 × CP – 123.8 Spek et al. (2013) North America 
[12] UN (g/d) = 8.06 × MUN + 8.91 × CP + 4.06 × DMI – 139.9 Spek et al. (2013) Northwest Europe 
[13] UN (g/d) = 8.79 × MUN + 11.97 × CP + 1.58 × DMI– 148.8 Spek et al. (2013) North America 
[14] UN (g/d) = 12.0 + 0.333 × NI Reed et al. (2015) USA 
FN 
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[15] 
FN (kg/d）= 0.0000925 × BW + 0.000124 × DIM + 0.00395 × Milk + 0.00140 × 
CP + 0.00138 × NDF – 0.0916 
Wilkerson et al. (1997) USA 
[16] FN (g/d) = 52.3 + 0.21 × NI Castillo et al. (2000) UK 
[17] FN (g/d) = -21 + 6.73 × DMI + 0.101 × NI Hutanen et al. (2008) Finland 
[18] FN (g/d) = {[NI (g/kg of OM) × (1- 0.842) + 4.3} × OMI Marini et al. (2008) PS 
[19] FN (g/d) = 10 + 0.28 × NI Kebreab et al. (2010) UK 
[20] FN (g/d) = [NI (g/kg of OM) × (1 – 0.842) + 4.3] × OMI × 1.20  Higgs et al. (2012) PS 
[21] FN (g/d) = -18.5 + 10.1 × DMI Reed et al. (2015) USA 
TN 
[22] 
TN (kg/d) = 0.000232 × BW + 0.000342 × DIM + 0.00649 × Milk+ 0.0183 × CP 
+ 0.00280 × NDF – 0.440 
Wilkerson et al. (1997) USA 
[23] TN (g/d) = Milk × 2.82 + 346 Nennich et al. (2005) USA 
[24] TN (g/d) = [DMI × CP × 84.1] + [BW × 0.196] Nennich et al. (2005) USA 
[25] TN (g/d) = 0.713 × NI + 5 Yan et al. (2006) UK 
[26] TN (g/d) = 0.722 × NI  Yan et al. (2006) UK 
[27] TN (g/d) = [0.00287 × LW + 0.02429 × Milk] × CPC – 44 Yan et al. (2006) UK 
[28] TN (g/d) = 0.749 × NI+ 0.065 × LW – 1.515 × Milk – 17 Yan et al. (2006) UK 
[29] TN (g/d) = -1 + 0.937 × NI – 5.7 × DMI Hutanen et al. (2008) Finland 
[30] TN (g/d) = 30 + 0.67 × NI Kebreab et al. (2010) UK 
[31] TN (g/d) = 20.3 + 0.654 × NI Reed et al. (2015) USA 
UUN 
[32] UUN (g/d) = 10.38 × MUN + 8.92 × CP – 144.2 Spek et al. (2013) Northwest Europe 
[33] UUN (g/d) = 11.32 × MUN + 9.19 × CP – 146.9 Spek et al. (2013) North America 
UN/TN 
[34] UN/TN (g/kg) = 120 + 2.7 × CP Hutanen et al. (2008) Finland 
[35] UN/TN (g/kg) = 203 + 1.61 × CP + 7.0 × MUN Hutanen et al. (2008) Finland 
*MUN = Milk urea N (mg/100 mL), NI = N intake (g/d), BW = body weight (kg), RDP = ruminal degradable protein (g/d), Milk = milk yield (kg/d), MTP = 
milk true protein (%), in the data set milk CP values were converted to percent milk true protein (MTP) values using a conversion factor of 0.9345 (Mackle 
et al., 1999), MF = milk fat (%), DMI = dry matter intake (kg/d), MP = milk protein (%), CP = crude protein (% of DM, only g/g of DM for Eq. 24), DIM = 
days in milk (d), NDF = neutral detergent fibre (% of DM), OMI = OM intake (kg/d), LW = Live weight (kg), CPC = dietary CP concentration (g/kg of DM), 
UN/TN = urinary N/ total N (g/kg). ¶ Region from where the data used for model development derived; PS, data were compiled from previously published 
studies. 
CALCULATION OF MODEL EVALUATION 
The accuracy of manure N output models was evaluated using root mean square prediction error (RMSPE) and 
concordance correlation coefficient (CCC). The mean square prediction error (MSPE) measures the fit between model 
predictions and observed data (Bibby and Toutenburg, 1977), and is calculated as follows: 
MSPE = 

 ·  ∑ ( − )
    (1) 
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where n = the total number of observations, Oi = the observed value (i = 1, 2, …, n), and Pi = the model-predicted value (i 
= 1, 2, …, n). Because of underestimation or overestimation inherent with the square in MSPE, the overall error of prediction 
is better estimated using the square root of MSPE (i.e., RMSPE) as a percentage of the mean observed values. The MSPE can 
be divided into 3 parts of error including error due to overall mean bias (ECT), error due to deviation of the regression slope 
from unity (ER, systematic bias), and error due to the disturbance or random variation (ED) (Bibby and Toutenburg 1977; 
Tedeschi, 2006). These 3 fractions of errors are calculated as follows: 
ECT = (
P
– 
O
)2   (2) 
 ER = (SP – r × So)2   (3) 
ED = (1 – r2) × So2   (4) 
where 
P
and 
O
are averaged model-predictions and observed values, respectively; SP and So are the standard deviation 
(SD) of the model-predicted and observed values, respectively; and, r is Pearson correlation coefficient between 
model-predicted and observed values.  
To evaluate the accuracy of the prediction models, CCC was also determined (Lawrence & Lin, 1989), calculated as 
follows: 
CCC = r × Cb   (5) 
where r is the Pearson correlation coefficient that measures precision, and Cb is a bias correction factor that measures 
accuracy, calculated as follows: 
Cb = 

[
]
   (6) 
where 
ν = 


     (7) 
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µ = 
O

P
		×
/   (8) 
with the ν-value indicating the consistency of dispersion degree of distribution or the individual difference within 
model-predicted and observed values. A ν-value close to 1 means no change in SD between model-predicted and observed 
values. The µ-value is an index of under-prediction (µ > 0, if 
O
>
P
) or over-prediction (µ < 0, if 
P
>
O
).  
The coefficient of determination (R2) between model-predicted and observed values was analyzed using PROC REG of 
SAS (SAS Inst Inc., Cary, NC, USA). The model-predicted vs. observed values were plotted to evaluate how far the model-fit 
line deviated from the equality line (y = x line). To further assess model prediction bias, residuals (observed – predicted N, 
g/d) were plotted against centered predicted values (N g/d) using the method described by St-Pierre (2001). The predicted 
values were centered by subtracting the mean of all predicted values from each individual predicted value.  
Models were ranked from best to worst performance based on RMSPE within each form of N output (e.g., UN, FN, TN). 
Smaller RMSPE values and greater CCC values were considered to represent a better-fit model with a CCC value of 1.0 
indicating perfect concordance. An RMSPE value below 25% was deemed acceptable and an RMSPE below 10% of the 
mean was considered good. For error decomposition, mean or systemic bias larger than 5% of the total error was considered 
unacceptable (Johnson et al., 2016). 
RESULTS AND DISCUSSION 
DATA SUMMARY USED FOR EVALUATION 
The descriptive statistics of the data set with mean, SD, and range for variables related to dietary and animal 
characteristics, as well as N input and output flows are presented in Table 2. There was a large range in dietary CP content, 
ranging from 9.7 to 20.6% (mean of 15.4%) of DM. The greatest CP content was for a diet containing corn silage, alfalfa hay, 
and various protein supplements (cotton seed, soybean meal, cottonseed meal, rapeseed meal, and corn dried distillers’ grains 
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with solubles [DDGS]), whereas the lowest CP content was for a forage-based diet comprised of corn silage, alfalfa hay, 
Chinese wildrye and concentrates (corn, soybean meal, and wheat bran) (Table A. 1). Average DMI was 19.48 kg/d, ranging 
from 11.57 to 30.02 kg/d. Similarly, organic matter intake (OMI) averaged 17.75 kg/d, ranging from 11.86 to 22.30 kg/d. The 
proportion of forage in the TMR averaged 54% and varied from 35 to 70%. Dietary neutral detergent fibre (NDF) content 
ranged from 26.0 to 62.9% of DM, averaging 41.5% of DM. 
The days in milk (DIM) averaged 119 d and ranged from 7 to 266 d, representing various (early, mid, and late) stages of 
lactation. Body weight averaged 580 kg and ranged from 407 to 755 kg. Milk production, milk fat, and protein averaged 22.7 
kg/d, 4.04%, 3.24% and varied from 10.7 to 44.4 kg/d, from 3.24 to 5.00%, and from 2.72 to 4.01%, respectively.  
The NI ranged from 204 to 772 g/d, milk N (MN) ranged from 48 to 209 g/d, and milk urea N (MUN) from 7.3 to 19.0 
mg/dl. The observed UN ranged from 10.6 to 329.1 g/d, FN ranged from 81.0 to 216.4 g/d, TN ranged from 102.9 to 481.3 
g/d, and UUN from 34 to 335 g/d. The UN/TN was in the range of 0.10 to 0.70. The mean daily UN output (165 g/d) was 
greater than daily FN output (140 g/d), and was within the range of 80 to 320 g/d reported for ruminant livestock by 
Whitehead (1995). Mean UN excretion accounted for 34.7% of mean TN intake whilst FN accounted for 29.4% of TN intake. 
However, mean UN and FN per kg of milk yield (UN vs. FN: 7.3 vs. 6.2) or per kg of DMI (UN vs. FN: 8.5 vs. 7.2) were 
similar.  
Table 2. Descriptive statistics of dietary and animal characteristics and nitrogen flows from a compiled data set for lactating dairy cows from 
Chinese studies used to assess model predictions 
Item* Mean SD Minimum Maximum n treatment n study 
Dietary characteristics 
DMI, kg/day 19.48 3.7 11.57 30.02 97 31 
OMI, kg/day 17.75 2.8 11.86 22.30 39 10 
Dietary CP, % DM 15.4 2.0 9.7 20.6 97 31 
NDF, % DM 41.5 8.4 26.0 62.9 83 27 
RDP, g/d 2019 513 757 3566 97 31 
Forage, % DM 54 7.5 35 70 95 30 
Animal characteristics 
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BW, kg 580 69 407 755 61 18 
Milk, kg/d 22.7 6.0 10.7 44.4 92 29 
Milk fat, % 4.04 0.36 3.24 5.00 68 22 
Milk protein, % 3.24 0.22 2.72 4.01 78 25 
DIM, d 119 48 7 266 66 20 
N input and output flows 
NI, g of N/d 477 112 204 772 99 32 
MN, g of N/d 114 28 48 209 94 29 
UN, g of N/d 165.3 60.2 10.6 329.1 96 30 
FN, g of N/d 140.1 31.6 81.0 216.4 98 31 
TN, g of N/d 306.0 78.5 102.9 481.3 96 30 
UUN, g of N/d 117 68 34 335 16 6 
MUN, mg/dl 12.9 3.0 7.3 19.0 50 16 
UN/TN 0.53 0.10 0.10 0.70 96 30 
*
 DMI = dry matter intake, OMI = organic matter intake, CP = crude protein, NDF = neutral detergent fibre, RDP = rumen degradable protein, BW = body 
weight, NI = N intake, MN = milk nitrogen, UN = urinary nitrogen, FN = fecal nitrogen, TN = total manure nitrogen, UUN = urinary urea nitrogen, DIM = 
days in milk, MUN = milk urea N. 
PREDICTION OF UN EXCRETION 
The overall performance rank of the UN models based on RMSPE is presented in Table 3. The analysis showed that 
models of Nennich et al. (2006, Eq. [6]), Kauffman and St-Pierre (2001, Eq. [4]), and Reed et al. 2015 (Eq. [14], Table 1) had 
lowest RMSPE values (22.2%, 23.6% and 26.0%, respectively), with the greatest proportion of error from random sources 
(78%, 79% and 97%, respectively), compared with the other models. Although these models were the best-fit when evaluated 
based on RMSPE, the R2 values were low (R2 ≤ 0.50). Fig. 1 shows for these three models the linear relationships between 
the predicted vs. observed values. 
Table 3. Comparative evaluation of manure N prediction models using data from lactating dairy cows in China 
Rank* 
Eq. 
No. 
n† 
Mean value‡ 
R2 
Components of MSPE§, % 
RMSPE, %¶ 
 Concordance** 
Observed Predicted ECT ER ED CCC Cb r ν µ 
UN               
1 [6] 16 161 ± 34 145 ± 19 0.15 20 2 78 22.2 0.28 (14) 0.72 0.39 1.81 0.63 
2 [4] 20 175 ± 41 168 ± 36 0.20 3 18 79 23.6 0.44 (10) 0.97 0.45 1.15 0.19 
3 [14] 96 165 ± 60 170 ± 37 0.50 1.5 1.5 97 26.0 0.63 (01) 0.89 0.71 1.61 -0.11 
4 [12] 49 173 ± 55 187 ± 34 0.37 10 0 90 26.7 0.52 (06) 0.85 0.61 1.62 -0.34 
5 [1] 49 173 ± 55 161 ± 38 0.30 5 3 92 27.8 0.50 (07) 0.91 0.55 1.45 0.25 
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6 [10] 49 173 ± 55 184 ± 29 0.25 5.3 0.1 94.6 28.3 0.40 (12) 0.80 0.50 1.91 -0.28 
7 [13] 49 173 ± 55 189 ± 34 0.28 10.4 1.2 88.4 28.8 0.45 (08) 0.85 0.53 1.60 -0.37 
8 [11] 49 173 ± 55 192 ± 34 0.22 14 2 84 30.6 0.42(11) 0.89 0.47 1.63 0 
9 [5] 95 164 ± 59 181 ± 31 0.34 10.8 0.6 88.6 31.2 0.45 (09) 0.77 0.59 1.94 -0.39 
10 [7] 94 166 ± 60 175 ± 62 0.41 2.6 20 77.4 31.9 0.63 (02) 0.99 0.64 0.97 -0.14 
11 [8] 88 170 ± 58 197 ± 62 0.47 25 16 59 32.2 0.62 (03) 0.90 0.68 0.94 -0.46 
12 [9] 96 165 ± 60 200 ± 42 0.50 41 0 59 33.2 0.54 (05) 0.77 0.71 1.41 -0.69 
13 [2] 96 165 ± 60 183 ± 82 0.43 7.2 43.4 49.4 38.9 0.61 (04) 0.93 0.66 0.73 -0.25 
14 [3] 49 173 ± 55 227 ± 53 0.30 52.8 9.6 37.6 43.4 0.36 (13) 0.66 0.55 1.03 -1.01 
FN               
1 [15] 37 147 ± 30 140 ± 17 0.65 12 13 75 13.9 0.66 (03) 0.82 0.81 1.79 0.31 
2 [18] 39 144 ± 26 154 ± 26 0.61 25 8 67 13.9 0.72 (02) 0.93 0.78 1.01 -0.39 
3 [19] 98 140 ± 31 143 ± 31 0.57 2 11 87 15.8 0.75 (01) 1.00 0.75 1.01 -0.10 
4 [16] 98 140 ± 31 152 ± 23 0.57 25 0 75 17.1 0.66 (04) 0.87 0.75 1.35 -0.45 
5 [17] 96 140 ± 32 158 ± 34 0.48 31 16 53 22.6 0.60 (05) 0.87 0.69 0.92 -0.54 
6 [20] 39 144 ± 26 185 ± 31 0.61 81 6 13 31.5 0.381 (07) 0.49 0.78 0.84 -1.43 
7 [21] 96 140 ± 32 178 ± 37 0.39 61 13 26 34.5 0.384 (06) 0.62 0.62 0.86 -1.10 
TN               
1 [31] 96 306 ± 78 331 ± 73 0.72 26 2 72 15.8 0.81 (01) 0.95 0.85 1.07 -0.33 
2 [28] 57 311 ± 74 349 ± 80 0.77 50 8 42 17.6 0.78 (03) 0.88 0.88 0.92 -0.50 
3 [29] 94 307 ± 79 333 ± 89 0.72 23 17 60 17.7 0.80 (02) 0.95 0.85 0.88 -0.31 
4 [26] 96 306 ± 78 343 ± 81 0.72 42 6 52 18.6 0.769 (04) 0.90 0.85 0.97 -0.46 
5 [25] 96 306 ± 78 343 ± 80 0.72 43 5 52 18.6 0.765 (05) 0.90 0.85 0.98 -0.47 
6 [30] 96 306 ± 78 348 ± 75 0.72 50 2 48 19.4 0.74 (06) 0.87 0.85 1.04 -0.55 
7 [24] 58 310 ± 73 363 ± 65 0.75 67 0 33 20.6 0.67 (07) 0.77 0.86 1.13 -0.76 
8 [27] 55 312 ± 75 281 ± 56 0.45 24 1 75 20.5 0.58 (08) 0.86 0.67 1.33 0.49 
9 [22] 37 322 ± 72 268 ± 39 0.39 47.7 0.5 51. 8 24.2 0.37 (09) 0.59 0.63 1.82 1.01 
10 [23] 90 311 ± 74 409 ± 15 0.30 68 4 28 38.3 0.08 (10) 0.15 0.54 4.96 -2.93 
UUN               
1 [33] 12 139 ± 60 138 ± 10 0.38 0 25 75 39.3 0.20 (01) 0.32 0.62 6.03 0.05 
2 [32] 12 139 ± 60 125 ± 9 0.40 6 26 68 40.7 0.18 (02) 0.29 0.64 6.45 0.61 
UN/TN               
1 [35] 49 530 ± 77 319 ± 21 0.12 90 0 10 42.0 0.02 (01) 0.06 0.35 3.59 5.21 
2 [34] 94 526 ± 103 161 ± 5 0.08 93 0 7 71.9 0.002 (02) 0.008 0.28 19.09 15.54 
*Rank = Rank of the model according to RMSPE; †n = number of treatments used to evaluate the models; ‡Values are expressed as mean ± SD, units for 
observed and predicted UN, FN, TN, UUN were g/d and units for UN/TN were g/kg; §MSPE = mean square prediction error, ECT = error due to bias, as a 
percent of total MSPE, ER = error due to regression, as a percent of total MSPE, ED = error due to disturbance, as a percent of total MSPE; ¶RMSPE = root 
mean square prediction error, as a percent of average observed value (%); ǁR2, determination coefficient of regression between the observed and predicted 
values; **CCC = concordance correlation coefficient, where CCC = r × Cb (rank based on solely CCC is given in the parentheses). Cb = bias correction 
factor, r = Pearson correlation coefficient, ν = scale shift, µ = location shift. 
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Figure 1. Observed vs. predicted urinary N value plots of the six best-performing models for dairy cows. The black solid and short dash lines 
represent the regression line and the unity (y = x) for the relationship between observed and predicted values, respectively. 
 
In contrast, the model by Kauffman and St-Pierre (2001, Eq. [3]) had the greatest RMSPE value (43.4%) with notable 
overall bias (ECT) rather than random sources (ED) and a general over-prediction of UN (Table 3). The CCC analysis 
identified the Reed et al. (2015, Eq. [14]) and the Huhtanen et al. (2008) (Eq. [7]) models as the best predictors of UN with a 
CCC value of 0.63, and the Nennich et al. (2006, Eq. [6]) model as the least fitting model (CCC = 0.28).  
13 
 
 The positive µ-value for the Nennich et al. (2006, Eq. [6]) and the Kauffman and St-Pierre (2001) (Eq. [4]) models 
indicate general under-prediction of UN by these 2 models, whereas the negative value for Reed et al. (2015, Eq. [14]) model 
indicates over-prediction on average. The µ-statistic is depicted in the residual plot (Fig. 2), where the most negative µ-value, 
indicating the largest over-prediction, was associated with the Kauffman and St-Pierre (2001, Eq. [3]) model, while the most 
positive µ-value, indicating the largest under-prediction, was associated with the Nennich et al. (2006, Eq. [6]) model. The 
residual plot (Fig. 2) showed no significant slope bias for the 6 best-performing models (P > 0.05). 
Among the three best-performing models for UN prediction, the RMSPE value was acceptable for the Nennich et al. (2006, 
Eq. [6]) and Kauffman and St-Pierre (2001, Eq. [4]) models, but the mean bias for Eq. [6], systematic bias for Eq. [4], and 
CCC values were unacceptable. Hence, Eq. [14] was deemed to be an acceptable model with a mean bias or systematic bias 
lower than 5%, and RMSPE and CCC values close to 25% and 1, respectively. Therefore, to predict UN excretion of dairy 
cows in China, Eq. [14] is recommended when only NI is available. Eq. [6] is not recommended because of unacceptable 
mean bias and CCC values. The nonlinear model of Kauffman and St-Pierre (2001) (Eq. [4]) had greater systematic bias (ER 
= 18% vs. 1.5%) and lower random variation (ED = 79% vs. 97%) compared with the model of Reed et al. (2015, Eq. [14]), 
and thus Eq. [14] would be a preferred choice. The range of NI from 204 to 772 g/d in the current data set was within the 
range of NI from 79.9 to 932 g/d in the database developed by Reed et al. (2015) when modeling Eq. [14]. Studies included 
in developing Eq. [14] by Reed et al. (2015) were restricted to contain techniques that prevent UN and FN loss during 
collection and quantitation, which improved accuracy of UN prediction. The strong relationship between NI and UN as 
indicated by the Reed et al. (2015, Eq. [14]) model agreed with the current study (r = 0.71, UN (g/d) = 0.347 (0.04 SE) × NI 
+ 1.91 (0.15 SE), n = 96, P < 0.01). The transferring efficiency of dietary N to urinary N (△UN/△NI = 0.333) used in Reed et 
al. (2015, Eq. [14]) is also in agreement with the observed value of 0.347 in the present study, which explains why the model 
of Reed et al. (2015) with NI as an input variable performed better than the others. Studies have shown that increasing 
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concentrate CP level increases N intake and subsequent N output in urine. Thus, reducing CP content in concentrates, as well 
as CP content of TMR (i.e., NI) would be conductive to reducing UN excretion from lactating dairy cattle (Broderick et al., 
2008; Hynes et al., 2016).  
 
Figure 2. Residuals (observed - predicted) vs. centered predicted urinary N value plots of the six best-performing models for dairy cows. Predicted 
values were centered by subtracting the mean of all predicted values from each predicted value. 
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PREDICTION OF FN EXCRETION 
The analysis showed that models by Wilkerson et al. (1997, Eq. [15]), Marini et al. (2008, Eq. [18]), and Kebreab et al. 
(2010, Eq. [19], Table 1) had lowest RMSPE values (13.9%, 13.9% and 15.8%, respectively) for FN prediction, with the 
highest percentage of error coming from random sources (75%, 67% and 87%, respectively), compared with the other FN 
models (Table 3). Fig. 3 shows the linear relationships between the predicted vs. observed values with moderate R2 (0.48 ≤ R2 
≤ 0.65 except 0.39 for Eq. [21], Table 3). The CCC analysis also identified the model by Kebreab et al. (2010, Eq. [19]), 
Marini et al. (2008, Eq. [18]), and Wilkerson et al. (1997, Eq. [15]) as being more suitable than other models, with CCC 
values of 0.75, 0.72 and 0.66, respectively. The Reed et al. (2015, Eq. [21]) and Higgs et al. (2012, Eq. [20]) models were 
least suitable (RMSPE = 34.5% and 31.5%), with a CCC value of 0.38.  
The negative µ-value for the models of Marini et al. (2008, Eq. [18]) and Kebreab et al. (2010, Eq. [19]) indicates a 
general over-prediction of FN, while the positive value for the model by Wilkerson et al. (1997, Eq. [15]) indicating 
under-prediction on average. As with UN prediction, the µ-statistic for FN prediction is depicted in residual plots (Fig. 4), 
where the lowest µ-statistic, indicating the most pronounced over-prediction, was associated with the models of Higgs et al. 
(2012, Eq. [20]) and Reed et al. (2015, Eq. [21]). The slope of the residual plot was significantly different from zero for all 
the 6 best-performing models (P < 0.05) except for the Castillo et al. (2000, Eq. [16]) model (P = 0.85) (Fig. 4). 
For FN prediction, based on the criteria of values below 25% for RMSPE, CCC close to 1, and a mean bias lower than 5%, 
Kebreab et al. (2010, Eq. [19]) model was deemed acceptable. Use of the Wilkerson et al. (1997, Eq. [15]) model to predict 
FN requires 5 input variables (e.g. BW, DIM, milk yield, etc.). Greater potential error may arise from measurement of these 
variables, potentially limiting its application. Equation [18], which uses both OM intake and NI, or Eq. [19], which uses just 
NI, are recommended for prediction of FN in Chinese operations. However, for most accurate estimates, the Kebreab et al. 
(2010, Eq. [19]) model is recommended because it had a Cb value of 1 and mean bias (ECT) was greater for Eq. [18] than Eq. 
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[19]. As expected, N excretion models based on dairy cow data in China performed better for FN than UN predictions, which 
was consistent with the conclusion reached by Reed et al. (2015) using USA data.  
 
Figure 3. Observed vs. predicted fecal N value plots of the six best-performing models for dairy cows. The black solid and short dash lines represent 
the regression line and the unity (y = x) for the relationship between observed and predicted values, respectively. 
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Figure 4. Residuals (observed - predicted) vs. centered predicted fecal N value plots of the six best-performing models for dairy cows. Predicted 
values were centered by subtracting the mean of all predicted values from each predicted value. 
 
PREDICTION OF TN EXCRETION 
The Reed et al. (2015, Eq. [31], Table 1) model provided the best prediction of TN excretion (RMSPE = 15.8% with 72% 
of the error from random sources, Table 3). The RMSPE and CCC values for the Reed et al. (2015, Eq. [31]) model indicate it 
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would be appropriate for TN prediction. The models by Yan et al. (2006, Eq. [28]) and Huhtanen et al. (2008, Eq. [29]) also 
performed well (RMSPE of 17.6% and 17.7%, respectively), although their greatest proportion of error was from mean bias 
(50%) and random sources (60%), respectively. Fig. 5 shows strong linear relationships between predicted vs. observed 
values for the 6 top-performing models with high R2 (0.72 ≤ R2 ≤ 0.77, Table 3). The model by Nennich et al. (2005, Eq. [23]) 
had the highest RMSPE value (38.3%) with notable overall bias (ECT) rather than random sources (ED) and a general 
over-prediction of TN excretion. Consistantly, CCC analysis selected the Reed et al. (2015, Eq. [31]) as the best predictor of 
TN with a CCC value of 0.81, and the Nennich et al. (2005, Eq. [23]) model as the least-fitting model (CCC = 0.08).  
The negative µ-values for models [31], [28], and [29] indicate over-prediction. The µ-statistic is illustrated in the residual 
plots (Fig. 6), where the lowest µ-statistic, indicating the most severe over-prediction, was associated with the Nennich et al. 
(2005, Eq. [23]) model, whereas the highest µ-statistic, indicating the most severe under-prediction, was associated with the 
Wilkerson et al. (1997, Eq. [22]) model. The slope was significantly different from zero for the Yan et al. (2006, Eq. [28]) and 
Huhtanen et al. (2008, Eq. [29]) models (P < 0.01), but not so for the Reed et al. (2015, Eq. [31]) model (P = 0.12, Fig. 6).  
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Figure 5. Observed vs. predicted total N value plots of the six best-performing models for dairy cows. The black solid and short dash lines represent 
the regression line and the unity (y = x) for the relationship between observed and predicted values, respectively. 
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Figure 6. Residuals (observed - predicted) vs. centered predicted total N value plots of the six best-performing models for dairy cows. Predicted 
values were centered by subtracting the mean of all predicted values from each predicted value. 
 
PREDICTION OF UUN AND UN/TN EXCRETION 
To predict UUN excretion, only 2 models (Eqs. [32] and [33], Table 1) from Spek et al. (2013) were evaluated in this study. 
Both MSPE and CCC analysis recognized Eq. [33] as a better predictor (RMSPE = 39.3%) than Eq. [32] (RMSPE = 40.7%). 
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However, a relatively low CCC value (0.20) revealed that Eq. [33] may not be accurate for predicting UUN. The positive 
µ-value for Eq. [33] indicates under-prediction while for Eq. [32], a greater positive µ-statistic value indicates pronounced 
under-prediction.  
To predict UN/TN, two models based solely on CP (Eq. [34], Table 1) and CP plus MUN (Eq. [35], Table 1) by Huhtanen 
et al. (2008) were evaluated using Chinese lactating dairy cows. Based on CCC values, models by Huhtanen et al. (2008, Eqs. 
[34] and [35]) performed poorly with values of 0.02 and 0.002, respectively. However, MSPE analysis identified Eq. [35] as a 
better predictor (RMSPE = 42.0%) than Eq. [34]. The error associated with using Eq. [35] and Eq. [34] was mainly from 
overall bias (ECT = 90% and 93%, respectively), with the remaining error due to random sources (ED = 10% and 7%, 
respectively). A high µ-value, indicating distinct under-prediction, was obtained for both models of Huhtanen et al. (2008). 
Hence, using the Spek et al. (2013, Eq. [33]) and Huhtanen et al. (2008, Eq. [35]) models to predict UUN and UN/TN, 
respectively would result in high prediction errors, and therefore these models are not recommended for use in China. 
COMPARISON OF MODEL EVALUATION FOR THE FIVE FORMS OF N EXCRETION 
The UUN and UN/TN models evaluated showed the poorest fitting performance (the overall mean RMSPE = 40% and 
57%; CCC = 0.19 and 0.01, respectively) among five forms of N excretion models. This outcome can be attributed to several 
factors including: 1) UUN is volatilized directly from cattle manure as NH3, which may lead to underestimation of UUN 
measurement (Bristow et al., 1992); 2) UUN originates from microbial N compounds that are affected by diet composition; 
and 3) UUN is the main form of N in urine, representing 77% of the total N output by dairy cow.  
Among the three predominant types (UN, FN, and TN) of N output models for dairy cows, the UN prediction models were 
least accurate when applied to the data from dairy cows in China (overall mean RMSPE = 30.3% and CCC = 0.49), whereas 
TN consistently resulted in the best prediction (overall mean RMSPE = 21.1% and CCC = 0.64). The performance of FN 
prediction was intermediate (overall mean RMSPE = 21.3% and CCC = 0.59) compared with UN and TN predictions. In 
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agreement with Johnson et al. (2016) who indicated that equations developed by Reed et al. (2015) for lactating cows 
resulted in greater prediction accuracy and less error compared with other exsiting models evaluated. 
Consistent with the report by Reed et al. (2015), the result of performance evaluation in this study showed NI was a better 
input variable than DMI for models of both UN and TN. There were four models (Yan et al., 2006; Kebreab et al., 2010; 
Reed et al., 2015) including Eq. [25], [26], [30], and [31] using NI to predict TN, where the transferring efficiency of NI to 
TN excretion (△TN/△NI) was 0.713, 0.722, 0.67, and 0.654, respectively. For Reed et al. (2015) model (TN (g/d) = 20.3 (± 
4.72) + 0.654 (± 0.00926) × NI), the average efficiency of NI to TN excretion (△TN/△NI) is approximately 0.654, which is 
similar to 0.642 of the present dataset, which explains why that model, which is based on NI, performed best.  
Milk yield can also be used to predict TN (Nennich et al., 2005), but the model was ranked lowest when evaluated with 
dairy cow data in China due to large RMSPE error. The additional predictor variable of LW and milk yield (Yan et al., 2006) 
or DMI (Huhtanen et al., 2008) to NI only marginally improved performance of TN models compared with Yan et al. (2006) 
and Kebreab et al. (2010) models based on NI. The Nennich et al. (2005, Eq. [24]) and Yan et al. (2006, Eq. [27]) models 
including dietary CP concentration together with BW plus DMI or milk yield resulted in an average error of 21% associated 
with RMSPE. The Wilkerson et al. (1997) (Eq. [22]) model using detailed information related to diet and animal explanatory 
variables (i.e., BW, DIM, milk production, dietary protein, and NDF) resulted in a poorer prediction of TN than that of FN 
(RMSPE = 24.2 vs. 13.9% and CCC = 0.37 vs. 0.66). Overall, NI was considered to be the most accurate input variable for 
UN, FN, or TN. Identifying the most suitable prediction model of N excretion for dairy operations in China can help to 
mitigate N pollution from animal waste. While the study identified the best fitting equations for lactating dairy cows, it was 
not possible to evaluate the predictive ability of N excretion models for heifers, nonlactating cows and dairy calves because 
of the limited amount of N excretion data available in China. 
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CONCLUSION 
The overall predictive ability of models was evaluated among five forms of N excretion (UUN and UN/TN < UN < FN < 
TN) for Chinese lactating dairy cows. Of the UN models, Eq. [14] was most suitable, and of the FN models, Eq. [19] was 
best, while for the TN models, Eq. [31] was most reliable for application in China. However, more research is needed to 
improve the prediction performance of N excretion models to mitigate environmental burden. The possibility of developing 
more suitable and reliable models, based on manure N output data from studies conducted in China, will be investigated in 
the future research. 
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APPENDIX A. 
Table A. 1 Detailed information of the studies used to predict manure N from lactating dairy cows in China. 
Source1 Province Experimental Design (n)2 Composition of TMR3 
Li (2005) Beijing Latin square (4) Corn, soybean meal, wheat bran, corn silage, alfalfa hay, and Chinese wildrye 
70:30,
Qi et al. (2006) Inner Mongolia Latin square (3) Corn, wheat bran, soybean meal, flaxseed meal, hay, and corn silage 
Wang et al. (2007) Zhejiang Latin square (15) 
Corn silage, ryegrass silage, alfalfa hay, cabbage, apple pomace, DDGS, ground 
corn grain, wheat bran, whole cottonseed, soybean meal, cottonseed meal, and 
rapeseed meal 
Sun et al. (2010) Liaoning Randomized block (40) 
Alfalfa hay, Chinese wildrye, corn silage, corn, wheat bran, soybean meal, 
cottonseed meal 
50:50,
65:35,
Xia et al. (2010) Beijing Randomized block (18) 
Corn, soybean meal, cottonseed meal, extruded soybean, alfalfa pellet, corn germ 
meal, beet pellet, wheat bran, Chinese wildrye, corn silage, and replace yeast, 
distillers’ grains, and alfalfa with oat, date powder, and rapeseed meal 
55:45,
Li et al. (2011) Shandong Latin square (4) Alfalfa, corn silage, steam flaked corn, soybean meal, cottonseed meal 
35:65,
51:49,
56:44,
Liu et al. (2011) Shanxi Randomized block (24) 
Corn stalk, corn silage, alfalfa hay, corn, wheat bran, soybean meal, cottonseed 
meal, and rapeseed meal 
Ni et al. (2011) Inner Mongolia Completely randomized (32) Silage, wheat straw, alfalfa, corn, wheat bran, rumen bypass protein, soybean 
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meal, cottonseed meal, sunflower seed meal, and DDGS 
Sun et al. (2011) Shandong Latin square (4) 
Corn silage, Chinese wildrye, corn, soybean meal, cottonseed meal, dried 
distillers’ grains, and wheat bran 
Wang et al. (2011) Beijing Randomized block (48) 
Chinese wildrye, alfalfa hay, corn silage, ground corn, wheat bran, soybean meal, 
and cottonseed meal 
53:47,
Hong et al. (2012) Inner Mongolia Completely randomized (12) 
corn silage, alfalfa hay, Chinese wildrye, ground corn, soya bean meal, and 
wheat bran 
Lv (2012) Henan Latin square (3) 
Whole corn silage, alfalfa hay, corn, wheat bran, soybean meal, cottonseed meal, 
rapeseed meal, germ meal, and DDGS 
Na and Dong (2012) Inner Mongolia Randomized block (12) Cornstalk or corn silage with concentrates 60:40,
Wang et al. (2012) Shandong Latin square (8) 
Corn silage, Chinese wildrye, corn, soybean meal, cottonseed meal, dried 
distillers’ grains, feed jujube, soybean hull, and beer residue 
Zhang et al. (2012) Ningxia Completely randomized (30) 
Corn silage, alfalfa hay, dry sugar residue, distillers’ grains, cottonseed meal, 
corn, soybean meal, rapeseed meal, CDDGS, and malt sprout 
39:61,
Deng et al. (2013) Beijing Latin square (5) 
Alfalfa hay, grass hay, corn silage, corn, soybean meal, wheat bran, and 
cottonseed meal 
Shen (2013) Zhejiang Latin square (12) 
Corn silage, Chinese wildrye, alfalfa hay, wheat bran, corn grain, soybean meal, 
cottonseed meal 
Shi et al. (2013) Xinjiang Completely randomized (24) Corn silage, alfalfa silage, corn grain, cottonseed meal, and rice bran 
Xu (2013) Beijing Latin square (4) 
Alfalfa hay, Chinese wildrye, corn grain, soybean meal, wheat bran, and whole 
cottonseed 
Zhao et al. (2013) Heilongjiang Randomized blocked (12) 
Corn silage, Chinese wildrye, alfalfa, corn, corn gluten meal, DDGS, soybean 
meal, cottonseed meal, rapeseed meal 
52:48; 53:47
Chacher et al. (2014) Zhejiang Completely randomized (60) 
Corn silage, alfalfa hay, Chinese wildrye, corn, wheat bran, soybean meal, and 
cottonseed meal 
Guo et al. (2014) Beijing Latin square (8) 
Corn silage, alfalfa hay, Chinese wildrye, corn grain, wheat grain, soybean meal, 
cottonseed meal, DDGS, wheat bran, whole cotton seed 
Kang et al. (2014) Ningxia Completely randomized blocked (90) 
Alfalfa (silage or hay), corn silage, soybean meal, cottonseed meal, corn grain, 
wheat bran, rapeseed meal, linseed meal, whole cotton seed, molasses pulp, 
brewers’ grains 
58:42; 54:46
Li (2014) Shandong Randomized blocked (80) 
Silage, Chinese wildrye, distillers’ grains, corn grain, soybean meal, cottonseed 
meal, wheat bran 
Lu et al. (2014) Jiangsu Randomized block (18) 
Alfalfa, Chinese wildrye, beet grain pulp, green grass, green cornstalk, straw 
and concentrates (corn, soybean meal, DDGS, wheat bran, zein fiber, apple 
pomace, palm meal) 
Zhong (2014) Henan Completely randomized (16) 
Corn silage, alfalfa hay, peanut vine, corn, wheat bran, soybean meal, cottonseed 
meal, and DDGS 
Wang et al. (2015) Shandong Randomized blocked (40) 
Corn silage, brewers’ grain, alfalfa, hay, corn grain, wheat bran, soybean meal, 
DDGS, double-low rapeseed meal, and cottonseed meal 
Wang et al. (2015) Shandong Randomized blocked (40) Corn, wheat bran, soybean meal, CDDGS, double-low rapeseed meal, soybean 
30 
 
hull, whole cottonseed, beet meal, whole-plant corn silage, brewers’ grains, 
alfalfa hay, and Chinese wildrye 
Wang et al. (2015) Shandong Latin square (4) 
Corn silage, Chinese wildrye, corn grain, soybean meal, cottonseed meal, wheat 
bran, and CDDGS 
Bai et al. (2016) Henan Randomized blocked (48) 
Peanut vine, alfalfa hay, whole maize silage, corn grain, wheat bran, soybean 
meal, cottonseed meal, and CDDGS 
63:37; 57:43; 
Wang et al. (2016) Henan Latin square (12) 
Whole maize silage, peanut vine, cotton seed, corn, wheat bran, soybean meal, 
cottonseed meal, and DDGS 
Wu et al. (2016) Shandong Randomized blocked (40) 
Corn, wheat bran, soybean meal, CDDGS, soybean hull, whole cotton seed, beet 
meal, whole-plant corn silage, brewers’ grains, alfalfa, and Chinese wildrye 
1
 In chronological order and the literature was collected from 2004 to 2016. 
2
 n = number of cattle included in this study. 
3
 DDGS, dried distillers’ grains with solubles; CDDGS, corn dried distillers’ grains with solubles. 
4
 F:C = Forage to concentrate ratio; NS = Not supplied. 
5 Chinese Holstein = crossbreds of Holstein and Chinese yellow cattle. 
6
 * = Collected total urine and total feces; § = Collected partial urine and partial feces. Urine volume was estimated from creatinine. Feces production was 
estimated with internal marker (acid insoluble ash); ƚ = Collected partial feces. Total feces production was estimated with internal marker; ǁ = Collected 
partial urine and total feces. Urine volume was estimated from creatinine. 
